Photoperiod-regulated flowering and potato tuber formation involve leaf-produced mobile signals, florigen and tuberigen, respectively. The major protein component of florigen has been identified as the FLOWERING LOCUS T (FT) protein. In rice, an FT-like protein, Heading date 3a (Hd3a), induces flowering by making the florigen activation complex (FAC) through interactions with 14-3-3 and OsFD1, a rice FD-like protein. In potato, StSP6A, an FT-like protein, was identified as a major component of tuberigen. However, the molecular mechanism of how StSP6A triggers tuber formation remains elusive. Here we analyzed the significance of the formation of a complex including StSP6A, 14-3-3 and FD-like proteins in tuberization. Yeast two-hybrid, bimolecular fluorescence complementation and in vitro pulldown assays showed that StSP6A and StFDL1, a potato FD-like protein, interact with St14-3-3s. StSP6A overexpression induced early tuberization in a 14-3-3-dependent manner, and suppression of StFDL1 delayed tuberization. These results strongly suggest that an FAC-like complex, the tuberigen activation complex (TAC), comprised of StSP6A, St14-3-3s and StFDL1, regulates potato tuber formation.
Introduction
Induction of potato (Solanum tuberosum L.) tuber formation is a complex developmental process which consists of the differentiation of underground stems into a specialized storage organ for vegetative propagation (Rodríguez-Falcón et al. 2006) . In potato, stolons are diageotropic lateral stems that arise from the underground node of the main stem. Stolons are characterized by long internodes and a hook-like shape of the apical region. At the onset of tuber formation, longitudinal growth of the stolon ceases and its subapical region swells. This marks the beginning of tuber initiation (Cutter 1992 , Xu et al. 1998 .
Tuberization of potato normally takes place under short days (SDs) and cool temperature conditions. However, domestication of potato has generated potato cultivars with considerable variation in response to day length. Tuber formation in these cultivars is relatively insensitive to day length compared with wild potatoes such as the S. tuberosum group andigena which is strictly dependent on SDs (Kumar and Wareing 1973, Kloosterman et al. 2013 ). Extensive studies have been undertaken to understand the signaling components involved in the switch from stolon to tuber development (Suárez-López 2013, Navarro et al. 2015) . Grafting experiments demonstrated that day length is perceived in the leaves and that a mobile signal is synthesized and transported to the underground stolons to induce tuber formation (Ewing and Struik 1992, Rodríguez-Falcón et al. 2006) . Heterografting experiments of tobacco and potato suggested that flowering and tuberization are mediated by the same mobile signal. Florigen, the mobile signal for flowering, also functions as a tuber-inducing signal called tuberigen (Chailakhyan et al. 1981 , Abelenda et al. 2014 .
Florigen was proposed as a universal and graft-transmissible flowering signal produced in leaf in response to changes in photoperiod (Chailakhyan, 1936) . FLOWERING LOCUS T (FT) in Arabidopsis and its rice homolog, Heading date 3a (Hd3a), were identified as major protein components of florigen (Corbersier et al. 2007 , Tamaki et al. 2007 ). The FT/Hd3a gene encodes a small globular protein belonging to the phosphatidylethanolamine-binding protein (PEBP) family that promotes flowering (Kardailski et al. 1999 , Kobayashi et al. 1999 , Kojima et al. 2002 . The FT/Hd3a protein produced in leaf after induction by changes in day length moves to the shoot apical meristem (SAM) where it induces flowering (Corbersier et al. 2007 , Jaeger and Wigge 2007 , Mathieu et al. 2007 , Tamaki et al. 2007 . After transport to the SAM, the FT protein interacts with a basic leucine zipper (bZIP) transcription factor, FD, via 14-3-3 protein to induce flowering. In Arabidopsis, FD was found to interact with FT and activate the floral meristem identity genes such as APETALA1 (AP1) for initiation of floral transition (Abe et al. 2005 , Wigge et al. 2005 ). The C-terminal region of FD contains a conserved motif (Arg-X-X-Ser/Thr-Ala-Pro) that is phosphorylated by a Ca 2+ -dependent protein kinase (CDPK) (Kawamoto et al. 2015a , Kawamoto et al. 2015b ). The conserved motif, termed the SAP motif, is essential for FT interaction and for FD function in flowering promotion (Abe et al. 2005 , Taoka et al. 2011 , Park et al. 2014 . It functions as the binding site of the 14-3-3 proteins (Taoka et al. 2011 , Tsuji et al. 2013a , Park et al. 2014 ), a family of scaffold proteins highly conserved among eukaryotes. The 14-3-3 proteins bind to and modulate the biological activity of a variety of target proteins via 14-3-3-binding motifs which contain a phosphorylated serine or threonine residue. Targets of 14-3-3 are involved in various biological processes such as primary metabolism, cell growth, cell division control, light response and hormone signaling pathways (Chevalier et al. 2009 , Denison et al. 2011 . In photoperiodic flowering, the 14-3-3 proteins act as a florigen receptor (Taoka et al. 2011) . Hd3a interacts with 14-3-3 in the cytoplasm and, after translocation to the nucleus, the Hd3a-14-3-3 complex further interacts with OsFD1, a rice FD, through the SAP motif in OsFD1. The resultant ternary protein complex, named the florigen activation complex (FAC), activates transcription of the rice AP1 homolog, OsMADS15 (Taoka et al. 2011) .
In potato tuber induction, StSP6A, an FT-like protein (FTL) in potato, functions as tuberigen (Navarro et al. 2011) . StSP6A is expressed in leaves under inductive SD conditions and initiates tuber formation in a graft-transmissible manner (Navarro et al. 2011) . Tuber formation is delayed by RNA interference (RNAi) knockdown of StSP6A and induced by overexpression of StSP6A or rice Hd3a (Navarro et al. 2011) . Several molecular components in the regulatory pathway of StSP6A expression and tuber induction have been found (Suárez-López, 2013 , Navarro et al. 2015 . Photoreceptor phytochrome B (phyB) represses tuberization in response to a long-day (LD) signal in a graft-trasmissible manner (Jackson et al. 1998 ). StCDF1, a potato transcription factor member of CYCLING DOF FACTOR, interacts with StGI1 and StFKF1, components of the circadian clock, and represses StCO1/2 (also named StCOL1/2) and activates StSP6A (Kloosterman et al. 2013 ). StCOL1/2, a CCT/B-box zinc finger transcription factor in potato, is stabilized by phyB and activates StSP5G, another FTL in potato (Abelenda et al. 2016 ). StSP5G represses tuberization by down-regulation of StSP6A (Abelenda et al. 2016) . RNA of StBEL5, a TALE-type homeobox gene in potato, functions as a phloem-mobile RNA signal, and StBEL5 protein activates a variety of tuberization genes including StSP6A in stolon (Sharma et al. 2016) .
Although it is hypothesized that StSP6A induces tuber formation by making a FAC-like protein complex (hereinafter referred to as the tuberigen activation complex: TAC) with a stolon-specific transcription factor via the 14-3-3 proteins (Tsuji et al. 2013b) , it remains elusive. In order to reveal the molecular mechanisms of tuber initiation by tuberigen StSP6A, we analyzed the interaction and function of potential TAC components, StSP6A, 14-3-3 and FD-like (FDL) proteins. We present results that suggest that formation of a protein complex with StSP6A, 14-3-3 and novel FDL protein regulates potato tuber induction via a mechanism similar to that of flowering regulation.
Results

Isolation and characterization of components of the TAC
To test the hypothesis that TAC regulates potato tuberization, potential TAC components were cloned from potato cultivar Sayaka by using a PCR cloning strategy based on the genome sequence of S. tuberosum group phureja (Potato Genome Sequencing Consortium 2011). Sixteen intact open reading frame (ORF) regions of the genes for components of the TAC (two FTL genes, eleven 14-3-3 genes and three FD-like genes) were obtained (Supplementary Table S1 ; Supplementary  Figs . S1-S3). The two FTL genes encode the previously identified StSP6A and StSP3D (Navarro et al. 2011 ; Supplementary Table S1; Fig. 1A ). The key amino acid residues required for 14-3-3 binding in rice Hd3a are conserved in both potato StSP6A and StSP3D (Fig. 1A) . The three potato FD-like clones from stolon encoded bZIP proteins with an S/TAP motif ( Supplementary  Fig. S2 ). One, designated StFD, is a close homolog to tomato selfpruning G-box protein (SPGB), a gene for a bZIP transcription factor component of tomato FAC (Lifschitz et al. 2006 , Park et al. 2014 . The other two were designated as StFD-like 1a (StFDL1a) and StFD-like 1b (StFDL1b) (Fig. 1B) . StFDL1a and StFDL1b are probably homoeologous genes or alleles in the tetraploid potato cultivar used in this study, because they are highly similar to each other (98% identical) and only one corresponding gene can be found in the doubled monoploid phureja potato. Eleven potato 14-3-3 isoforms were cloned and designated as St14a-St14k (Supplementary Table S1 ; Supplementary Fig. S3 ).
Spatiotemporal expression of these potential components of the TAC complex was examined by semi-quantitative reverse transcription-PCR (RT-PCR). Expression analysis of St14-3-3 genes revealed that all of the 11 St14-3-3 isoforms are largely expressed in a constitutive manner ( Supplementary Fig. S4 ). Therefore, St14a (a 14-3-3 in the epsilon group) and St14f (a 14-3-3 in the non-epsilon group) were selected as representatives of the St14-3-3 gene family. In in vitro cultured plants, ubiquitous expression was also observed for St14a and St14f under both SD and LD conditions ( Fig. 2A) . StSP6A was specifically expressed in leaves under SD conditions that can induce microtuber formation on the axil in vitro ( Supplementary Fig. S5 ), which is consistent with its function as a tuber-inducing signal, i.e. tuberigen. In contrast, the expression of StSP3D, another potato FT, which has been reported to be genetically involved in flowering in potato (Navarro et al. 2011) was not detected in leaves under both SD and LD conditions. StFD was mainly expressed in stems and weakly in leaves and roots. StFDL1a/b were mainly expressed in roots and stolons. Due to the high sequence similarity between StFDL1a and StFDL1b, we could not distinguish them by RT-PCR. Sequencing analysis showed that the PCR-amplified StFDL1 fragments contained both StFDL1a (one of three cloned fragments) and StFDL1b (two of three cloned fragments). In soil-grown plants, St14-3-3 genes were constitutively expressed in most of the tissues examined ( Fig. 2B; Supplementary Fig. S4 ). Under SD conditions, strong expression of StSP6A was detected in leaves, stems and developing stolons, while weak expression of StSP3D was detected in 8-week-old leaves and developing stems but not in stolons where tubers are initiated (Fig. 2B) . Under LD conditions, faint expression of StSP6A in stems was observed ( Supplementary Fig. S6 ). StFD was mainly expressed in stems, while StFDL1a/b was expressed mainly in roots and developing stolons. The constitutive expression of St14-3-3, accumulation of StSP6A mRNAs in leaves and developing stolons, and expression of StFDL1a/b in developing stolons suggests that these genes encode potential components of TAC.
StSP6A, StFD and StFDL1a/b interact with St14-3-3
To determine whether StSP6A is involved in TAC, we analyzed its interaction with St14-3-3 (Fig. 3) , StFD and StFDL1a/b (Fig. 4) . Using a yeast two-hybrid system, we demonstrate that StSP6A can interact with all the St14-3-3s (Fig. 3A) . We also show that the interaction is lost when the conserved key amino acid residues (R60, P92, F99 and R128) corresponding to the residues for 14-3-3 binding to Hd3a (Fig. 1A) are mutated (Fig. 3B) . The direct interaction between StSP6A and St14-3-3s was further confirmed by using glutathione S-transferase (GST) pull downassays. As shown in Fig. 3C , a GST-StSP6A fusion protein was pulled down with His-tagged St14a and St14f. To confirm the interaction between StSP6A and St14-3-3 in plant cells, we performed bimolecular fluorescence complementation (BiFC) analyses. StSP6A was fused to the N-terminal half of mVenus (Vn) and St14a was fused to the C-terminal half of mVenus (Vc), and the constructs were transfected into the protoplasts derived from rice suspension cells. As shown in Fig. 3D and Supplementary Fig. S7A , approximately 50% of the transfected cells showed BiFC signal between Vn:StSP16A and Vc:St14a in the cytoplasm. In contrast, only about 10% of the transfected cells showed BiFC signal between Vn:StSP16A mRPFR (R60K/ P92L/F99A/R128K mutation) and Vc:St14a. The mVenus-fused StSP6A and St14a were observed in the nucleus and cytoplasm, and in the cytoplasm, respectively ( Supplementary Fig. S8 ). These interactions are consistent with a previous report on rice Hd3a and 14-3-3 (Taoka et al. 2011 ), and clearly demonstrate that StSP6A interacts with St14a mainly in the cytoplasm.
Interaction of StFD and StFDL1a/b with St14-3-3s was also analyzed in yeast and plant cells ( Supplementary Fig. S9 ). In the yeast two-hybrid system, all of the 11 St14-3-3s interacted with StFD and StFDL1a/b ( Supplementary Fig. S9A ). Because phosphorylation of the S/TAP motif in FDs is essential for 14-3-3 binding and FD function (Taoka et al. 2011 , Kawamoto et al. 2015a , Kawamoto et al. 2015b , we analyzed the effect of a substitution of threonine residues in the S/TAP motif of StFD and StFDL1a/b on their interaction with St14-3-3. As shown in Supplementary Fig. S9B , the alanine substitution in StFD, StFDL1a and StFDL1b disrupted the interaction and the phosphomimic glutamate replacement retained it. BiFC analysis showed that StFDL1b interacts with St14a mainly in the nucleus and cytoplasm of rice protoplasts ( Supplementary Figs. S7C , S9C). Venus-fused StFDL1b was also localized in the nucleus and cytoplasm ( Supplementary Fig. S8 ). These results suggest that StFD and StFDL1a/b interact with St14-3-3 in an S/TAP-phosphorylation-dependent manner, as previously shown in the interaction between rice OsFD1 and 14-3-3 (Taoka et al. 2011 ).
StSP6A interacts with StFD and StFDL1a/b in a 14-3-3-dependent manner
In rice, 14-3-3 proteins mediate the interaction between Hd3a and OsFD1 to form FAC (Taoka et al. 2011) . To explore whether 14-3-3 proteins also mediate the interaction between StSP6A and StFD and StFDL1a/b, yeast two-hybrid assay was performed. StSP6A showed interaction with StFD and StFDL1a/b, probably through the mediation of endogenous 14-3-3 proteins in yeast (Fig. 4A) . To test the possibility, we performed alanine and phosphomimic glutamate substitutions in the S/TAP motif of StFD and StFDL1a/b and examined their effect on the StSP6A/StFD (L1a/b) interaction in the yeast two-hybrid system. The results indicated that, as observed for the StFD (L1a/b)-St14-3-3 interaction, the alanine substitution, but not the glutamate substitution, disrupts the StSP6A-StFD (L1a/b) interaction (Fig. 4A) .
Mutations in StSP6A which attenuate the binding of 14-3-3 proteins (Fig. 3 ) also compromised the interaction (Fig. 4A) . BiFC analysis showed that StSP6A interacts with StFDL1b in the nucleus and cytoplasm of rice protoplasts and that the quadruple mutation in the 14-3-3 binding sites of StSP6A abolished the interaction ( Fig. 4B; Supplementary Fig. S7B ). These results support the role of St14-3-3s as mediators of the StSP6A-StFD (L1a/b) interaction.
The interaction of StSP6A with St14-3-3s is critical for potato tuber induction
In order to clarify the impact of TAC formation on potato tuberization, transgenic plants overexpressing StSP6A or StSP6A mutants in the 14-3-3 binding sites were generated. Overexpression of the transgenes was driven by the Cauliflower mosaic virus (CaMV) 35S promoter, and transgene expression was confirmed by semi-quantitative RT-PCR ( Supplementary Fig. S10 ). Transgenic overexpression (OX) plants were cultured in vitro in medium with a high concentration of sucrose (Fig. 5A, B) or planted in soil (Fig. 5C, D) under non-inductive LD conditions to observe the promotion of tuber formation. Under in vitro culture conditions, none of the control plants formed tubers after 3 weeks of culture on high sucrose media (Fig. 5A, B) while 80% of StSP6A OX plants presented one or more tubers. In contrast, the mutant StSP6A OX did not show significant changes in tuber formation rate. Early tuber induction was also observed in StSP6A OX plants grown on soil (Fig. 5C, D) . Under LD conditions, soil-grown nontransformed plants (NT) formed tubers at 6 weeks after planting (WAP), 2 weeks later than under SDs ( Supplementary Fig. S11 ). At 4 WAP, tuber formation was observed in all StSP6A OX plants examined, but at a significantly lower rate in mutant StSP6A OX plants (70, 53 and 0% of wild-type StSP6A in F99A, R60K/R128K and R60K/P92L/F99A/R128K, respectively) (Fig. 5C, D) . These results demonstrate that StSP6A induces tuberization in a 14-3-3-dependent manner.
StFDL1a/b suppression delays tuberization
To test further the hypothesis that TAC regulates the initiation of tuber formation, the function of candidate TAC components, StFD and StFDL1a/b, in tuber formation was analyzed using RNAi. In StFDL1a/b RNAi plants, StSP6A expression was unaffected (Fig. 6A) . However, tuberization time in these RNAi plants was significantly delayed compared to control plants (Fig. 6B, C) . In contrast, there was no significant delay of tuberization in StFD RNAi plants ( Supplementary Fig. S12A-C) .
These results indicate that potato tuber induction was specifically impeded by the absence of StFDL1a/b. These results, together with the results from interaction analyses, strongly suggest that StFDL1a/b plays a vital role in potato tuberization via complex formation with StSP6A and 14-3-3.
Discussion
Conserved gene structure and function of StSP6A
Both sequence alignment and functional analysis support the conservation of StSP6A function in the commercial potato cultivar Sayaka used in this study. The nucleotide sequence of the StSP6A ORF in Sayaka (LC011886) is exactly the same as that of the phureja potato gene (PGSC0003DMG400023365). The expression profiling and analysis of transgenic plants support a tuber-inducing role for StSP6A as previously described in andigena potato (Navarro et al. 2011) . StSP6A expression was detected in leaves and stolons undergoing the transition to tuberization fate. Under SD conditions, StSP6A was expressed exclusively in leaves of in vitro grown plants that exhibit a high tendency for microtuber formation, while in soil-grown plants expression of StSP6A was detected in leaves and stolons under both SD and LD conditions. Potato cultivar Sayaka is a facultative SD plant and eventually initiates tuber formation under LDs ( Supplementary Fig. S11 ). It has been shown that a potato accession with permissive tuberization under LDs evades LD inhibition of StSP6A expression (Kloosterman et al. 2013) . StSP6A is strongly expressed in stems of plants grown in SD conditions but not in plants grown in LD conditions ( Fig. 2 ; Supplementary Fig. S6 ). It is speculated that this enhancement of StSP6A in stems might contribute to the rapid tuberization response under SDs ( Supplementary Fig. S11 ). Moreover, we show that overexpression of StSP6A promotes early tuber induction. Silencing of StSP6A delayed tuber formation under both SD and LD conditions (Supplementary Figs. S13, S14), and had no effects on potato flowering ( Supplementary Fig.  S15A ). This is consistent with the identity of StSP6A as a tuberigen that induces potato stolon-tuber transition, as shown by Navarro et al. (2011) . The nucleotide sequence of the StSP3D ORF in Sayaka (LC011887) is 4 bp different from that in phureja potato (PGSC0003DMB000000214). RNAi-mediated knockdown of StSP3D did not affect tuber induction time under SD and LD conditions ( Supplementary Fig. S16 ), but delayed flowering in potato ( Supplementary Fig. S15B ). We therefore concluded that StSP3D is not involved in potato tuberization but in flowering, as indicated previously in andigena potato (Navarro et al. 2011 ). Because it has been shown that florigen can promote tuberization (Chailakhyan et al. 1981 , Navarro et al. 2011 , the StSP3D protein itself might have the capacity to promote tuberization. It remains to be determined whether it is the regulation of spatiotemporal expression or long-distance movement of StSP3D that restricts its role to flowering control.
StSP6A can form a protein complex with StFDL1a/b via potato 14-3-3
14-3-3 proteins bind and regulate key proteins involved in various physiological processes. More than 300 different proteins have been reported to associate with 14-3-3 proteins in plants (Denison et al. 2011 ). 14-3-3 can bridge two proteins together by serving as a phosphorylation-dependent scaffold protein that binds to specific phosphoserine/threonine motifs on the target protein. This mode of action of 14-3-3 leads to the formation of FAC in rice. 14-3-3 proteins form a binary complex with Hd3a and facilitate Hd3a binding to the 14-3-3 target protein OsFD1-which promotes rice floral transition (Taoka et al. 2011) . We showed that in potato, both StSP6A and StFDL1a/b specifically bind to St14-3-3s in vitro and in vivo (Fig. 3) . Mutations in the 14-3-3-binding sites of StSP6A or StFDL1a/b abolished StSP6A-StFDL1a/b interaction in yeast, supporting the role of St14-3-3s as mediators of the interaction between StSP6A and StFDL1a/b (Fig. 4) . In addition, expression of StSP6A, St14-3-3 genes and StFDL1a/b was detected in developing stolon tips ( Fig. 2; Supplementary Fig. S6 ), the site where potato tuber transition occurs. These findings support the idea that TAC is formed in stolon tips to initiate tuber formation. Cytological analysis revealed that at the onset of tuber formation, the elongation of stolon stops and cells in the pith and cortex start to enlarge and divide longitudinally (Xu et al. 1998) . Where in the stolon tips TAC is formed during tuber initiation and development remains to be examined.
StSP6A-St14-3-3 binding is essential for potato tuber induction
Yeast two-hybrid assay showed that StSP6A with a single (F99A), double (R60K/R128K) or quadruple mutation (R60K/ P92L/F99A/R128K) is defective in St14-3-3 binding (Fig. 3) . accelerated tuberization that was observed in those overexpressing StSP6A. This indicates that the binding of 14-3-3 proteins is essential for StSP6A-mediated promotion of tuberization. None of the quadruple mutant plants promoted early tuberization when grown in vitro or on soil. On the other hand, weak promotion of tuberization was observed in plants expressing mutant StSP6A with single or double substitutions in the 14-3-3-binding site. This may be attributed to residual St14-3-3 binding activity in these mutants. As shown in rice, the Hd3a R64G mutant that showed no apparent interaction with 14-3-3 in yeast could only weakly induce OsMADS15 expression in protoplasts and flowering in rice (Taoka et al. 2011) . Likewise, overexpressed StSP6A F99A and StSP6A R60K/R128K may possibly interact with St14-3-3s in planta to induce tuberization weakly.
In the present study, 11 potato 14-3-3 isoforms have been isolated. The 10 isoforms except for St14b strongly interact with StSP6A and StFDL1a/b, and RNAs for these isoforms are expressed ubiquitously in potato leaves, stems, roots and stolons. In plants, 14-3-3 proteins are highly abundant with a large number of isoforms (Denison et al. 2011 . Different 14-3-3 isoforms are known to function either redundantly or specifically in certain developmental processes (Rosenquist et al. 2000 . For example, one of the rice 14-3-3 isoforms, GF14e, functions specifically in regulating cell death and disease resistance in plant defense mechanisms (Manosalva et al. 2011) , while four rice 14-3-3 isoforms (GF14b, c, e and f) strongly interact with Hd3a and redundantly participate in regulation of flowering in rice (Taoka et al. 2011) . Detailed analyses are necessary to reveal whether potato 14-3-3 isoforms work redundantly or specifically in the regulation of tuberization.
Functional diversification of FD-like proteins and the FAC model
FD is a bZIP-type transcription factor that was first identified in Arabidopsis as a regulator of flowering (Abe et al. 2005 , Wigge et al. 2005 . A S/TAP motif targeted by CDPKs is located in the Cterminal region of FD (Kawamoto et al. 2015a , Kawamoto et al. 2015b and is essential for 14-3-3 binding, FAC formation and flowering (Abe et al. 2005 , Taoka et al. 2011 . FD function seems to be conserved in flowering plants, because FDL proteins with an S/TAP motif are found in all flowering plants examined (Taoka et al. 2011 , Tsuji et al. 2013a ). Three potato FD-like genes (StFD, StFDL1a and StFDL1b) were isolated in this work. StFD shows higher sequence similarity to tomato SPGB and Arabidopsis FD, and is possibly involved in the flowering regulation of potato. In contrast, StFDL1a and StFDL1b are more divergent from tomato SPGB and Arabidopsis FD, and show higher similarity to tomato SlFD2 ( Supplementary Fig. S2B ). However, SlFD2 will not form a TAC-like complex in tomato, because the predicted amino acid sequence of SlFD2 lacks a part of the bZIP region and S/TAP motif ( Supplementary Fig. S2A ). It would be interesting to determine how SlFD2 is transcribed and functions in tomato.
In rice, ectopic expression of a phosphomimic form of OsFD1 significantly promoted flowering, although RNAi knockdown of OsFD1 did not affect flowering time (Taoka et al. 2011) . In potato, none of the phosphomimic forms of StFD(L1a/b) promoted tuberization ( Supplementary Fig. S17 ), although RNAi knockdown of StFDL1a/b significantly delayed tuberization ( Fig. 6C;  Supplementary Fig. S12D ). These phosphomimic forms of StFDL1a/b are thought to be functional because they can interact with StSP6A and 14-3-3 in yeast ( Fig. 4; Supplementary Fig. S9 ). This suggests that the amount of phosphorylated FDL proteins in stolon is not the rate-limiting factor for tuberization. Similar results have been observed in Arabidopsis where promotion of flowering by FD overexpression was weak (Abe et al. 2005 , Wigge et al. 2005 . The delay in tuberization of StFDL1a/b RNAi Single and double asterisks denote significant difference relative to NT as measured by t-test (*P < 0.05, **P < 0.01).
plants was not as severe as that of StSP6A RNAi plants under both SD and LD conditions. This might be attributed to residual expression of StFDL1a/b or a partially redundant function of StFD in the StFDL1a/b RNAi plants. Alternatively, an StFDL1-independent pathway might exist and partially rescue the effect of StFDL1a/b knockdown in tuberization. Making StFDL1a/b and StFD knockout plants by the CRISPR/Cas9 system and identification of other StSP6A-interacting transcription factors in stolon will help to reveal the details of StFDL1 function in the regulation of tuberization.
In contrast to Arabidopsis FD and rice OsFD1, VenusStFDL1b fusion protein was not predominantly localized in the nucleus (Supplementary Fig. S8 ), and the predicted nuclear localization signal (NLS) of StFDL1a/b is divergent from that of OsFD1 (Fig. 1B) . In some plant transcription factors, the subcellular localization is regulated by 14-3-3 binding (Igarashi et al. 2001 , Gampala et al. 2007 , Tsuji et al. 2013b ). In the case of rice, another Hd3a-interacting bZIP protein, green fluorescent protein (GFP)-OsFD2 is localized both in the nucleus and in the cytoplasm, and the predicted NLS in OsFD2 is divergent from that of OsFD1 (Tsuji et al. 2013b) . It is suggested that interaction with 14-3-3 is important for the cytoplasmic retention of OsFD2 and that further interaction of OsFD2-14-3-3 with Hd3a makes it possible to translocate the tri-protein complex in the nucleus by masking the nuclear export signal of 14-3-3 (Tsuji et al. 2013b ). The subcellular localization of StFDL1a/b could be regulated in a similar manner to that of OsFD2.
FT and FTL proteins regulate flowering as major components of the mobile flowering agent, florigen (Tamaki et al. 2007 , Corbesier et al. 2007 ). In addition, FTL proteins have also been identified as major regulators in a wide range of other plant developmental processes (reviewed in Pin and Nilsson 2012) such as bud set (Böhlenius et al. 2006) , vegetative growth (Pin et al. 2010) , stomatal opening (Kinoshita et al. 2011) , onion bulb formation (Lee et al. 2013 ) and potato tuberization (Navarro et al. 2011) . The versatility of FTL proteins in terms of function could be partly explained by the exchange model of FAC components proposed by Tsuji et al. (2013a) . In this model, if a FAC-like complex is formed with a transcription factor which recognizes a gene for a specific developmental process, the resulting complex will promote this specific developmental process. FDL genes in rice and hybrid aspen can be used to illustrate this model. OsFD2 can make an FAC-like complex with Hd3a via 14-3-3 interaction which would in this case not control flowering but leaf development (Tsuji et al. 2013b) . In hybrid aspen, two closely related FDL genes, FDL1 and FDL2, have distinct functions (Tylewicz et al. 2015) . Both FDL1 and FDL2 can form a complex with FT of hybrid aspen. FDL1 mediates photoperiodic control of seasonal growth by forming a complex with FT and participates in an adaptive response pathway in an FT-independent manner. In contrast, FDL2 is not involved either in photoperiodic control or in adaptive response, and overexpression of FDL2 causes a severe dwarf phenotype under LD conditions. In potato, all three FDL bZIP proteins, StFD, StFDL1a and StFDL1b, interact with StSP6A and 14-3-3. The stolon-preferential expression, interaction with 14-3-3 and StSP6A, and delay of tuberization in RNAi knockdown plants strongly suggest that StFDL1a/b regulates tuberization by making a TAC complex. However, the details of the functional specificity or redundancy of these FDL proteins in developmental regulation remain to be analyzed. Observation of the localization pattern of the TAC complex during tuber development and identification of the TAC downstream target genes will help to gain more understanding on the early developmental process of potato tuber formation.
Materials and Methods
Plant materials and growth conditions
Solanum tuberosum cv. Sayaka was used as the wild type and for gene cloning and transformation (Yamamizo et al. 2006 . For soil tuberization analysis, in vitro cultured plants were grown in a growth chamber for 3 weeks before transfer to 2 liter soil-filled pots. Plants in soil were grown in a climate chamber with a daily cycle of 16 h/ 8 h (LDs) or 8 h/16 h (SDs) at 22 C.
Cloning and generation of transgenic potato plants
Based on potato genome sequence information obtained from the Potato Genome Sequencing Consortium (PGSC) database (http://potatogenomics. plantbiology.msu.edu), full-length cDNAs for StSP6A, StSP3D, StFD (L1) genes and St14-3-3 gene homologs were cloned by RT-PCR with KOD Neo PCR polymerase (Toyobo). cDNAs obtained from leaf, stem, stolon or shoot apex RNA of potato plants were used as templates. To obtain the correct ORF regions, RT-PCR cloning was first performed with primer sets which can anneal with the predicted 5'-and 3'-untranslated regions (Supplementary Table S2 ). Nucleotide sequences of the amplified fragments were used to design primers specific for the ORF (Supplementary Table S2 ). ORFs were PCR-amplified and cloned into pENTR TM /D-TOPO vector (Invitrogen) to obtain entry clones. Sitedirected mutagenesis was performed with primers listed in Supplementary  Table S2 . To construct plasmids for overexpression of transgenes under the control of the CaMV 35S promoter, the coding regions of StSP6A and mStSP6A were cloned into pGWB5, while StFD (T206E), StFDL1a (T224E) and StFDL1b (T231E) were cloned into pGWB21 (Nakagawa et al. 2007 ) using LR clonase II TM (Invitrogen). For empty vector control plants, the ORF region of GFP was amplified and cloned into pGWB21. For RNAi suppression analysis, full or part of the coding regions of StSP6A, StSP3D, StFD and StFDL1b were amplified with specific primer sets (Supplementary Table S2 ) and cloned into the RNAitriggered vector, pANDA35HK (Miki and Shimamoto 2004) , by using LR clonase II TM . Transformation of Agrobacterium tumefaciens GV3101 was carried out via electroporation. Transformation of potato plants was performed essentially according to Yamamizo et al. (2006) .
Yeast two-hybrid interaction assays
Yeast two-hybrid assays were performed essentially according to Taoka et al. (2011) . Gateway destination vectors pBTM116-GW (Bartel et al. 1993 ) and pVP16-GW (Hollenberg et al. 1995) were used to construct the bait and prey vectors by LR clonase II. Yeast cells were grown on SC medium with or without various concentration of 3-aminotriazole (3-AT) at 30 C for 5 d. The concentration of 3-AT was determined by the bait-prey combination.
In vitro pull-down assay
StSP6A, St14a and St14f were cloned into pDEST15 and pDEST17 vectors, respectively, via LR recombination reactions (Invitrogen). GST (driven by pGEX-6P-1 vector), GST-StSP6A, His-St14a and His-St14f proteins were expressed in Escherichia coli BL21 Rosetta 2 (DE3) pLysS (Novagen) and purified with glutathione-Sepharose 4B beads (GS4B) (GE Healthcare) and HisTrap TM FF crude columns (GE Healthcare) according to the manufacturer's instructions. In vitro binding assays were performed essentially according to Purwestri et al. (2009) .
Semi-quantitative RT-PCR analysis
Leaves, stems, roots and developing stolons from plants at 2, 4, 6 and 8 WAP were collected. Total RNAs were extracted using the RNeasy Plant Mini Kit (Qiagen) and treated with DNase I (Invitrogen) to eliminate contaminating genomic DNA. For total RNA extraction from potato tubers, Trizol Reagent (Invitrogen) and Fruitmate TM for RNA purification (TAKARA) were used to eliminate contamination of starch. First-strand cDNA was synthesized from 1 mg of total RNA using SuperScript II reverse transcriptase (Invitrogen). The cDNA were subjected to RT-PCR by using specific primers for each gene (Supplementary Table S3 ) with the exponential phase determined on 30-35 cycles with KOD FX Neo polymerase (Toyobo). Gel images were captured by using E-BOX-1000/20M (Vilber Lourmat). The heterogeneity of StFDL1a/b fragments amplified by RT-PCR was confirmed as follows: StFDL1a/b fragments amplified from stolon cDNA were gel-purified, cloned into pCR-Blunt II-TOPO vector (Invitrogen), and the nucleotide sequences of each clone in the plasmids were analyzed.
Analysis of tuberization and flowering
Plants were grown in vitro at 22 C under LD conditions in a growth chamber for 3 weeks before transfer to 2 liter soil-filled pots. After transfer, these plants were then grown under LD or SD conditions. For tuberization analysis, underground parts of soil-grown plants were checked at 4, 6 and 8 WAP to soil, and tuber number was scored. Data were collected from triplicate plantings of five independent lines for each gene construct. To analyze flowering time, the shoot apex of LD-grown potato was carefully checked for visible signs of floral buds every week.
In vitro tuberization assay
In vitro tuberization assay was performed essentially as described in Fixen et al. (2012) with small modifications. Stem segments including one node from 3-week-old in vitro cultured plants were placed in S1 medium under LD conditions for 2 weeks. Subsequently, the regenerated plants were transferred to S1 medium containing 8% (w/v) sucrose, grown under LD condition for 3 weeks, and then scored for tuber number.
Subcellular localization and bimolecular fluorescent complementation
The StSP6A, StSP6A RPFR, St14a and StFDL1b coding regions were cloned into fluorescent protein expression vectors or BiFC vectors (Taoka et al. 2011 ) and purified by using the Purelink Plamid Midiprep Kit (Invitrogen). For subcellular localization, 5 mg of StSP6A-Venus, Venus-St14a or Venus-StFDL1b expression plasmids were co-transformed with both 5 mg of mCherry and 10 mg of NLS-CFP (cyan fluoresecnt protein) expression plasmids. Protoplast isolation from rice Oc suspension cultures and protoplast transformations were performed as described previously (Taoka et al. 2011) . After incubation for 12-18 h at 30 C, the protoplasts were examined with a Leica TCS-SP5 microscope. For BiFC experiments, 5 mg of Vn-or Vn-tagged protein expression vector was co-transformed with both 5 mg of mCherry and 10 mg of NLS-CFP expression plasmids as marker. Protein-protein interactions from BiFC experiments were quantified as described in Tsuji et al. (2013a) .
